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ABSTRACT
We present accurate metallicity measurements for 121 damped Lyα systems at 0.5 < z < 5 including
≈ 50 new measurements from our recently published Echellette Spectrograph and Imager surveys. This
dataset is analysed to determine the age-metallicity relation of neutral gas in the universe. Contrary
to previous datasets this sample shows statistically significant evolution in the mean metallicity. The
best linear fit rate to metallicity vs. redshift is −0.26 ± 0.06 dex corresponding to approximately a
factor of 2 every Gyr at z = 3. The DLA continue to maintain a floor in metallicity of ≈ 1/700 solar
independent of observational effects. This metallicity threshold limits the prevalence of primordial gas
in high redshift galaxies and stresses the correspondence between damped systems and star formation
(i.e. galaxy formation). This floor is significantly offset from the metallicity of the Lyα forest and
therefore we consider it to be more related to active star formation within these galaxies than scenarios
of enrichment in the very early universe. Finally, we comment on an apparent ’missing metals problem’:
the mean metallicity of the damped systems is ≈ 10× lower than the value expected from their observed
star formation history. This problem is evident in current theoretical treatments of chemical evolution
and galaxy formation; it may indicate a serious flaw in our understanding of the interplay between star
formation and metal production.
Subject headings: galaxies: abundances — galaxies: chemical evolution — quasars : absorption lines
1. introduction
For the past decade researchers have observed the damped
Lyα systems (DLA) – quasar absorption line systems with
H I column density N(HI) > 2 × 1020 cm−2 – to trace cos-
mological properties of neutral gas in the early universe.
With moderate resolution spectroscopy, for example, ob-
servers have taken a census of the H I mass density Ωgas
from z = 0 to 5 and found damped Lyα systems to com-
prise most of the neutral gas out to at least z = 4 (Wolfe
et al. 1986; Lanzetta et al. 1995; Wolfe et al. 1995;
Storrie-Lombardi and Wolfe 2000; Rao & Turnshek 2000;
Pe´roux et al. 2001; Djorgovski et al. 2003). By combin-
ing these observations with higher resolution spectroscopy
of metal-line transitions, one tracks the metal enrichment
of the universe in neutral gas (Pettini et al. 1994, 1999;
Prochaska & Wolfe 2000). If the individual DLA metal-
licity measurements are weighted by their corresponding
H I column densities, the resulting mean represents a cos-
mological quantity: Ωmetals/Ωgas, which equals the mass-
weighted metallicity < Z > of neutral gas in the universe
(Lanzetta et al. 1995). Aside from selection biases, this
statistic is independent of any physical property (e.g. mass,
1 Visiting Astronomer, W.M. Keck Telescope. The Keck Obser-
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Institute of Technology, and NASA.
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92093-0424
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morphology) of the damped systems surveyed and, there-
fore, it presents a fundamental test for theories of chemical
evolution (e.g. Pei & Fall 1995; Somerville, Primack, &
Faber 2001). In turn, these observations constrain the
star formation history of the universe and help describe
the interplay between nucleosynthesis and gas enrichment
in high redshift galaxies.
Because < Z > is a N(HI)-weighted measure, the uncer-
tainty in this statistic is dominated by the damped systems
with the highest product of metallicity and H I column
density. This is analogous to measurements of Ωgas where
damped systems with the largest N(HI) dominate the un-
certainty8. For this reason, previous metallicity samples
were susceptible to severe sample variance, systematic er-
ror, and potential outliers. With the goal of reducing the
effect of small number statistics, we initiated a program
(Prochaska, Gawiser, & Wolfe 2001) with the Echellette
Spectrograph and Imager (ESI; Sheinis et al. 2002) to
rapidly increase the sample of high z damped systems with
accurate metallicity measurements. In comparison with
previous echelle observations, this instrument and observ-
ing strategy have led to a nearly 10x increase in efficiency.
In roughly 5 nights observing time, we have doubled the
number of z > 1.5 damped systems and nearly quadrupled
the systems at z > 3 (Prochaska et al. 2003a,b). In this
Letter, we report the principal results on chemical evolu-
tion from our ESI surveys of the damped Lyα systems.
Combining these new measurements with ≈ 50 damped
systems drawn from the literature, our analysis includes a
sample of over 100 damped Lyα systems from z = 0.5 to
5.
8 This effect is less severe at z > 4 where there are fewer DLA with
N(HI) > 1021 cm−2 (see Pe´roux et al. 2001)
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Table 1
SUMMARY
QSO zabs N(HI) f
a
[M/H]
[M/H] fb
[Fe/H]
[Fe/H] Instr Ref
Q0235+1615 0.526 21.80+0.100
−0.100 2 −0.22± 0.15 0 0.00± 0.00 1
Q1622+238 0.656 20.36+0.100
−0.100 4 −0.87± 0.25 1 −1.27± 0.15 3,4
Q1122-168 0.682 20.45+0.050
−0.050 4 −1.00± 0.15 1 −1.40± 0.05 5
Q1328+307 0.692 21.25+0.060
−0.060 2 −1.81± 0.09 1 −1.81± 0.08 6
Q0454+039 0.860 20.69+0.060
−0.060 1 −0.80± 0.15 1 −1.02± 0.11 2,7
Q0302-223 1.009 20.36+0.110
−0.110 1 −0.74± 0.12 1 −1.19± 0.12 2
Q0948+43 1.233 21.50+0.100
−0.100 2 −0.99± 0.10 1 −1.43± 0.10 10
Q0935+417 1.373 20.52+0.100
−0.100 2 −1.21± 0.13 1 −1.21± 0.13 11
Q1354+258 1.420 21.54+0.060
−0.060 1 −1.74± 0.13 1 −2.03± 0.08 9
Q1104-18 1.661 20.80+0.100
−0.100 1 −1.04± 0.10 1 −1.48± 0.10 12
Q1331+17 1.776 21.18+0.041
−0.041 1 −1.45± 0.04 1 −2.06± 0.04 13,14
Q2230+02 1.864 20.85+0.084
−0.084 1 −0.76± 0.09 1 −1.17± 0.09 13,14
Q1210+17 1.892 20.60+0.100
−0.100 1 −0.88± 0.10 1 −1.15± 0.12 14
Q2206-19 1.920 20.65+0.071
−0.071 1 −0.42± 0.07 1 −0.86± 0.07 14,15
Q1157+014 1.944 21.80+0.100
−0.100 2 −1.36± 0.12 1 −1.81± 0.11 36
Q0551-366 1.962 20.50+0.080
−0.080 1 −0.44± 0.10 1 −0.95± 0.10 17
Q0013-004 1.973 20.83+0.070
−0.070 1 −0.96± 0.08 1 −1.52± 0.08 37
Q1215+33 1.999 20.95+0.067
−0.067 1 −1.48± 0.07 1 −1.70± 0.09 13,14
Q0010-002 2.025 20.80+0.100
−0.100 2 −1.20± 0.12 1 −1.33± 0.11 36
Q0458-02 2.040 21.65+0.090
−0.090 2 −1.19± 0.09 1 −1.77± 0.10 13,14
Q2231-002 2.066 20.56+0.100
−0.100 1 −0.88± 0.10 1 −1.40± 0.12 13,14
Q2206-19 2.076 20.43+0.060
−0.060 1 −2.31± 0.07 1 −2.61± 0.06 14,15
Q2359-02 2.095 20.70+0.100
−0.100 1 −0.78± 0.10 1 −1.66± 0.10 13,14
Q0528-2505 2.141 20.70+0.080
−0.080 1 −1.00± 0.09 1 −1.26± 0.36 7
Q0149+33 2.141 20.50+0.100
−0.100 1 −1.49± 0.11 1 −1.77± 0.10 13,14
Q2359-02 2.154 20.30+0.100
−0.100 1 −1.58± 0.10 1 −1.88± 0.10 13,14
Q2348-14 2.279 20.56+0.075
−0.075 1 −1.92± 0.08 1 −2.24± 0.08 13,14,18
Q0216+08 2.293 20.45+0.160
−0.160 1 −0.56± 0.17 1 −1.06± 0.18 7
PH957 2.309 21.37+0.080
−0.080 1 −1.46± 0.08 1 −1.90± 0.09 14,19,20
Q1232+08 2.337 20.90+0.100
−0.100 1 −1.22± 0.15 1 −1.72± 0.13 16
HE2243-6031 2.330 20.67+0.020
−0.020 1 −0.87± 0.03 1 −1.25± 0.02 21
Q0841+12 2.375 20.95+0.087
−0.087 1 −1.27± 0.09 4 −1.78± 0.09 13,14
Q0102-190 2.370 20.85+0.100
−0.100 1 −1.81± 0.11 1 −1.89± 0.13 36
Q2348-01 2.426 20.50+0.100
−0.100 1 −0.70± 0.10 1 −1.39± 0.10 36
Q2343+12 2.431 20.34+0.100
−0.100 1 −0.54± 0.10 1 −1.20± 0.10 36
Q0112-306 2.418 20.37+0.080
−0.080 1 −2.32± 0.10 1 −2.52± 0.10 13,14
Q0112+029 2.423 20.78+0.080
−0.080 1 −1.29± 0.11 1 −1.46± 0.10 22
Q1409+095 2.456 20.54+0.100
−0.100 1 −2.02± 0.10 1 −2.30± 0.10 23
Q0201+36 2.463 20.38+0.045
−0.045 1 −0.41± 0.05 1 −0.87± 0.04 14,24
Q0836+11 2.465 20.58+0.100
−0.100 1 −1.15± 0.11 1 −1.40± 0.10 14
Q1223+17 2.466 21.50+0.100
−0.100 1 −1.59± 0.10 1 −1.84± 0.10 14,25
Q0841+12 2.476 20.78+0.097
−0.097 3 −1.62± 0.22 1 −1.75± 0.11 13,14
Q1451+123 2.469 20.39+0.100
−0.100 1 −2.13± 0.14 1 −2.46± 0.11 36
Q2344+12 2.538 20.36+0.100
−0.100 1 −1.74± 0.10 1 −1.83± 0.10 7,14
Q0405-443 2.550 21.00+0.150
−0.200 2 −1.64± 0.29 1 −1.76± 0.23 36
Q1502+4837 2.570 20.30+0.150
−0.150 1 −1.62± 0.17 1 −1.65± 0.19 26
Q1209+0919 2.584 21.40+0.100
−0.100 2 −1.09± 0.11 1 −1.68± 0.11 26
Q0405-443 2.595 20.90+0.100
−0.100 1 −0.96± 0.10 1 −1.33± 0.10 36
Q2348-01 2.615 21.30+0.100
−0.100 1 −1.97± 0.12 1 −2.23± 0.13 13,14
FJ0812+32 2.626 21.35+0.100
−0.100 1 −0.96± 0.11 1 −1.74± 0.10 26,27
Q1759+75 2.625 20.76+0.007
−0.007 1 −0.79± 0.01 1 −1.18± 0.01 13,14,28
Q0058-292 2.671 21.10+0.100
−0.100 1 −1.44± 0.13 1 −1.86± 0.12 36
CTQ460 2.777 21.00+0.100
−0.100 1 −1.41± 0.10 1 −1.82± 0.10 26
PKS1354-17 2.780 20.30+0.150
−0.150 1 −1.88± 0.16 1 −2.43± 0.17 26
HS1132+2243 2.783 21.00+0.070
−0.070 1 −2.07± 0.15 1 −2.48± 0.10 26
PSS1253-0228 2.783 21.85+0.200
−0.200 2 −1.75± 0.21 1 −1.99± 0.20 26
Q1337+11 2.795 20.95+0.100
−0.100 1 −1.79± 0.15 1 −2.39± 0.10 26
Q1008+36 2.799 20.70+0.050
−0.050 1 −1.81± 0.05 3 −1.11± 0.05 14
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Q0135-273 2.800 20.90+0.100
−0.100 1 −1.47± 0.13 1 −1.65± 0.17 36
Q1425+6039 2.827 20.30+0.040
−0.040 4 −0.93± 0.14 1 −1.33± 0.04 7,14
Q2138-444 2.852 20.80+0.080
−0.080 2 −1.52± 0.13 1 −1.72± 0.10 36
Q2342+34 2.908 21.10+0.100
−0.100 1 −1.19± 0.10 1 −1.62± 0.12 26
BQ1021+3001 2.949 20.70+0.100
−0.100 1 −2.17± 0.10 1 −2.32± 0.10 26
BRJ0426-2202 2.983 21.50+0.150
−0.150 4 −2.45± 0.26 1 −2.85± 0.16 26
HS0741+4741 3.017 20.48+0.100
−0.100 1 −1.69± 0.10 1 −1.93± 0.10 14
Q0347-38 3.025 20.63+0.005
−0.005 1 −1.17± 0.03 1 −1.62± 0.01 13,14
FJ2334-09 3.057 20.45+0.100
−0.100 1 −1.15± 0.12 1 −1.63± 0.10 26
Q0336-01 3.062 21.20+0.100
−0.100 1 −1.41± 0.10 1 −1.79± 0.10 14
PSS0808+52 3.113 20.65+0.070
−0.070 1 −1.61± 0.14 1 −1.98± 0.08 26,29
Q2223+20 3.119 20.30+0.100
−0.100 1 −2.22± 0.11 1 −2.43± 0.11 26
PSS1535+2943 3.202 20.65+0.150
−0.150 3 −1.00± 0.30 11 −1.25± 0.30 30
PSS2344+0342 3.219 21.35+0.070
−0.070 3 −1.90± 0.15 1 −1.62± 0.12 26
PSS1506+5220 3.224 20.67+0.070
−0.070 1 −2.35± 0.07 1 −2.46± 0.08 26
PSS2315+0921 3.219 21.35+0.150
−0.150 5 −1.68± 0.31 11 −2.08± 0.21 30
Q0930+28 3.235 20.30+0.100
−0.100 1 −1.97± 0.10 1 −2.10± 0.10 14
J0255+00 3.253 20.70+0.100
−0.100 1 −0.94± 0.11 1 −1.44± 0.10 14
PSS1432+39 3.272 21.25+0.100
−0.100 1 −1.14± 0.11 4 −1.85± 0.14 26,29
PSS0957+33 3.280 20.45+0.080
−0.080 1 −1.13± 0.10 1 −1.58± 0.08 14,26,29
PSS2155+1358 3.316 20.55+0.150
−0.150 1 −1.26± 0.17 13 −1.65± 0.15 26
Q1055+46 3.317 20.34+0.100
−0.100 1 −1.65± 0.15 1 −1.87± 0.10 22
PSS1715+3809 3.341 21.05+0.150
−0.100 4 −2.41± 0.26 1 −2.81± 0.15 30
BR1117-1329 3.350 20.84+0.100
−0.100 1 −1.27± 0.13 1 −1.51± 0.10 31
PSS1802+5616 3.391 20.30+0.100
−0.100 3 −1.43± 0.15 1 −1.54± 0.11 30
Q0000-2619 3.390 21.41+0.080
−0.080 1 −1.91± 0.08 1 −2.16± 0.09 7,14,32
Q0201+11 3.387 21.26+0.100
−0.100 1 −1.25± 0.15 1 −1.41± 0.11 33
PC0953+47 3.404 21.15+0.150
−0.150 3 −1.82± 0.28 13 −1.89± 0.29 26
FJ0747+2739 3.423 20.85+0.050
−0.050 3 −1.68± 0.20 11 −1.78± 0.14 26
PSS2315+0921 3.425 21.10+0.200
−0.200 1 −1.51± 0.21 11 −1.79± 0.17 30
BR0019-15 3.439 20.92+0.100
−0.100 1 −1.06± 0.11 4 −1.59± 0.11 13,14
PSS0007+2417 3.496 21.10+0.100
−0.100 1 −1.58± 0.11 4 −1.92± 0.11 30
PSS1802+5616 3.554 20.50+0.100
−0.100 4 −1.52± 0.22 1 −1.93± 0.12 30
BRI1108-07 3.608 20.50+0.100
−0.100 1 −1.80± 0.10 1 −2.12± 0.10 13,14
PSS0209+0517 3.667 20.45+0.100
−0.100 3 −1.73± 0.17 1 −2.31± 0.11 26
PSS2323+2758 3.684 20.95+0.100
−0.100 1 −2.59± 0.10 1 −3.13± 0.16 26
PSS1248+31 3.696 20.63+0.070
−0.070 1 −1.80± 0.07 1 −2.24± 0.08 26,29
PSS0133+0400 3.693 20.70+0.100
−0.150 3 −1.90± 0.19 1 −2.69± 0.12 26
PSS0007+2417 3.705 20.55+0.150
−0.150 3 −1.50± 0.24 11 −1.64± 0.20 30
PSS1723+2243 3.695 20.50+0.150
−0.150 3 −0.61± 0.15 13 −1.16± 0.26 26
SDSS0127-00 3.727 21.15+0.100
−0.100 3 −2.18± 0.23 0 0.00± 0.00 26
BRI1346-03 3.736 20.72+0.100
−0.100 1 −2.33± 0.10 6 −2.63± 0.10 13,14
PSS0133+0400 3.774 20.55+0.100
−0.150 1 −0.64± 0.11 4 −0.92± 0.10 26
PSS1802+5616 3.762 20.55+0.150
−0.150 3 −1.55± 0.19 25 −1.82± 0.26 30
PSS0134+3317 3.761 20.85+0.050
−0.100 4 −2.33± 0.20 6 −2.73± 0.10 26
PSS1535+2943 3.761 20.40+0.150
−0.150 1 −2.02± 0.16 6 −2.33± 0.16 30
PSS1802+5616 3.811 20.35+0.200
−0.200 1 −2.04± 0.22 1 −2.19± 0.23 30
PSS0007+2417 3.838 20.85+0.150
−0.150 3 −2.19± 0.22 1 −2.44± 0.15 30
PSS0209+0517 3.864 20.55+0.100
−0.100 1 −2.65± 0.11 6 −2.89± 0.11 26
BR0951-04 3.857 20.60+0.100
−0.100 4 −1.60± 0.22 1 −2.00± 0.12 13,14
PC0953+47 3.891 21.20+0.100
−0.100 3 −1.50± 0.15 4 −1.80± 0.11 26
FJ0747+2739 3.900 20.50+0.100
−0.100 1 −2.03± 0.10 6 −2.53± 0.10 26
J0255+00 3.915 21.30+0.050
−0.050 1 −1.78± 0.05 1 −2.05± 0.10 14
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BRI0952-01 4.024 20.55+0.100
−0.100 4 −1.46± 0.23 1 −1.86± 0.13 13,14
BR2237-0607 4.080 20.52+0.110
−0.110 1 −1.87± 0.11 1 −2.14± 0.17 7
PSS0957+33 4.180 20.70+0.100
−0.100 1 −1.70± 0.10 1 −2.07± 0.11 26,29
BR0951-04 4.203 20.40+0.100
−0.100 1 −2.62± 0.10 3 −2.59± 0.10 13,14
PSS1443+27 4.224 20.80+0.100
−0.100 4 −0.70± 0.21 1 −1.10± 0.11 14,25
PC0953+47 4.244 20.90+0.150
−0.150 1 −2.23± 0.15 1 −2.50± 0.17 26
PSS2241+1352 4.282 21.15+0.100
−0.100 1 −1.77± 0.10 11 −1.90± 0.11 26
BR1202-07 4.383 20.60+0.140
−0.140 1 −1.81± 0.14 1 −2.19± 0.19 7
J0307-4945 4.468 20.67+0.090
−0.090 1 −1.55± 0.12 1 −1.96± 0.23 34
SDSS1737+582 4.743 20.65+0.150
−0.150 1 −1.88± 0.16 1 −2.39± 0.17 35
a1=Si,S, or O; 2=Zn; 3=α-element + Zn limits; 4=Fe+0.4; 5=Fe limits + 0.4
b1=Fe; 4=Ni-0.1; 5=Cr-0.2; 6=Al; 11-16=Fe,Ni,Cr,Al limits
Key to References – 1: Junkkarinen et al. (2003); 2: Pettini et al. (2000); 3: Churchill et al. (2000); 4: Rao & Turnshek (2000); 5: Ledoux,
Bergeron, & Petitjean (2002); 6: Boisse´ et al. (1998); 7: Lu et al. (1996); 9: Pettini et al. (1999); 10: Prochaska et al. (2003c); 11: Meyer
et al. (1995); 12: Lopez et al. (1999); 13: Prochaska & Wolfe (1999); 14: Prochaska et al. (2001); 15: Prochaska & Wolfe (1997a); 16:
Srianand, Petitjean, & Ledoux (2000); 17: Ledoux, Srianand, & Petitjean (2002); 18: Pettini et al. (1995); 19: Wolfe et al. (1994); 20:
Dessauges-Zavadsky et al. (2003); 21: Lopez et al. (2002); 22: Lu et al. (1999); 23: Pettini et al. (2002); 24: Prochaska & Wolfe (1996);
25: Prochaska & Wolfe (2000); 26: Prochaska (2003a); 27: Prochaska, Howk, & Wolfe (2003); 28: Prochaska et al. (2002); 29: Prochaska,
Gawiser, & Wolfe (2001); 30: Prochaska et al. (2003b); 31: Pe´roux et al. (2002); 32: Molaro et al. (2000); 33: Ellison et al. (2001); 34:
Dessauges-Zavadsky et al. (2001); 35: Songaila & Cowie (2002) 36: Ledoux, Petitjean, & Srianand (2003) 37: Petitjean et al. (2002)
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2. the sample
At present over 300 damped Lyα systems have been
identified in the literature (Curran et al. 2002). Of these,
approximately half provide a metallicity estimate. Unfor-
tunately, these metallicity measurements are derived from
a variety of telescopes with a range of instrumentation and
therefore form a heterogeneous sample of data (e.g. varying
resolution, wavelength coverage, and S/N). In this Letter,
we primarily restrict9 our analysis to damped Lyα sys-
tems observed on the current generation of large telescopes
(e.g. Keck and the VLT) with high-resolution (R > 5000),
high S/N (> 15 per pixel) spectra. Although this is a
subjective observational criterion, there are many cases
of understated statistical error and under-appreciated sys-
tematic error in the literature for data of poorer quality.
We also limit the analysis to systems satisfying the strict
N(HI) ≥ 2 × 1020 cm−2 criterion. This practice facilitates
comparisons with statistical surveys of the damped sys-
tems and simplifies comparisons with theoretical models.
Table 1 lists the name, zabs, N(HI), metallicity [M/H],
Fe abundance [Fe/H], and reference for the 121 DLA com-
prising the complete sample. In columns 4 and 6 we list
two ‘flags’ which describe the derivation of the [M/H] and
[Fe/H] values. The latter are determined primarily from
Fe II transitions or when necessary Cr II, Ni II, or Al II
transitions offset by their typical [X/Fe] value (e.g. Prochaska
& Wolfe; hereafter, PW02). When possible, we adopt an
[M/H] value based on an observed α-element (e.g. Si, S)
or Zn. These elements are mildly or non-refractory and
should exhibit minimal depletion in the damped Lyα sys-
tems. Furthermore, these elements exhibit solar relative
abundances with few exceptions (PW02). In cases where
there are only limits reported to these abundances and the
limits span an interval less than 0.4 dex (e.g. ±0.2 dex), we
adopt the central value and an error encompassing the two
limits. As a last resort (8 cases), we adopt an [M/H] value
9 The exceptions are the z < 1.5 damped systems which include
an estimate from X-Ray observations (Junkkarinen et al. 2003, in
preparation).
calculated from [Fe/H] assuming an offset of 0.4 dex. We
consider this robust because the median and mean [α/Fe]
and [Zn/Fe] values for DLA at z > 2 are all close to 0.4 dex
(PW02).
We present the full set of [M/H] values as a function of
zabs in Figure 1. The dark, unbinned points identify the
data drawn from our recent ESI surveys while the light
unbinned points are drawn from our echelle measurements
and those of others reported in the literature. The error
bars represent the statistical uncertainty in these measure-
ments. For the majority of these observations, this error is
dominated by the uncertainty in N(HI) measurements, an
uncertainty that is typically not rigorously derived. The
quoted values tend to overestimate the statistical error and
underestimate the systematic error from line-blending and
continuum placement. In the following analysis, we adopt
a minimum error of 0.1 dex for all metallicity measure-
ments. It is important to emphasize, however, that none
of the analysis in this Letter is sensitive to statistical error
related to individual measurements.
3. analysis
In Figure 1 we overplot the unweighted, logarithmic
mean metallicity (i.e. the mean of [M/H] values) in 5 red-
shift bins at z > 1.5 defined to have equal numbers of
DLA and one redshift bin with z = [0.5, 1.5] covering the
damped systems with Lyα profiles at λobs < 3100A˚. This
statistic was chosen to best represent the evolution in the
metallicity of a ‘typical’ damped system as seen by eye in
the log-linear plot in Figure 1. The vertical error bars re-
port 95% c.l. uncertainty in this mean value as determined
from a bootstrap error analysis. Meanwhile, the redshift
marked for each bin refers to the median zabs value. Even
an eyeball analysis of the figure reveals a statistically sig-
nificant evolution in the unweighted mean metallicity. Per-
forming a least-squares linear fit to the binned data (which
best accounts for the scatter in the measurements), we cal-
culate a slope m = −0.26 ± 0.06 dex/∆z and zero-point
[M/H]0 = −0.67± 0.17 dex. The results indicate that the
metallicity of the ‘average’ galaxy is increasing with de-
creasing redshift with an e-folding time of approximately
1 unit redshift, i.e., a 2× decrease per Gyr at z ∼ 3. This
statistically significant evolution in the unweighted mean
contrasts with our previous samples, although Vladilo et
al. (2000) suggested such a trend at z < 3 in a much
smaller sample. We note that the y-intercept of the best-
fit line is nearly 4σ below solar metallicity. This may be
an indication of small sampling at low z or our assumption
that the logarithmic mean metallicity evolves linearly with
redshift. On the other hand, it is possible that a cross-
section selected sample of H I gas at z = 0 (e.g. Rosenberg
& Schneider 2003) would show a sub-solar metallicity due
to the contributions from dwarf and low surface-brightness
galaxies.
The cosmological mean metallicity < Z > was com-
puted using < Z >= log[
∑
i 10
[M/H]iN(HI)i/
∑
iN(HI)i]
and is presented in Figure 2 in the same six bins. In the
figure, the individual measurements are now represented
by squares whose areas scale with the N(HI) values of the
DLA. Because the < Z > statistic is dominated by the
DLA with the largest N(HI) and [M/H] values, its mea-
surement uncertainty will always be dominated by sample
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Fig. 1.— The [M/H], zabs values for the 121 damped systems comprising our complete sample. The darker points indicate the new values
from our ESI surveys while the lighter data points are all taken from the literature (primarily HIRES and UVES observations). The symbols
for the points indicate the origin of the [M/H] values: α-element measurement (filled squares); Zn measurement (filled circle); α+Zn limits
(filled triangle); Fe measurement + 0.4 dex (filled star); Fe limits + 0.4 dex (open circle). A trend of lower metallicity at higher redshift is
clearly evident in the figure. We evaluate this trend by measuring the unweighted mean metallicity in the 6 bins (solid star points with error
bars). A least-squares fit to these data points yields a best fit slope of m = −0.26 ± 0.06 dex. The error bars plotted on the binned data
represent 95% c.l. derived from a bootstrap error analysis.
Fig. 2.— The [M/H], zabs pairs are plotted as open squares where the area of each square is scaled to the N(HI) value of the damped
system. This aids the eye in determining which sightlines dominate the N(HI)-weighted, cosmic mean metallicity. The cosmic metallicity
< Z > is plotted for 6 bins with 95%c.l. uncertainties given by a bootstrap analysis. Similar to the unweighted mean, we find a best fit slope
of m = −0.25± 0.07 dex assuming a linear solution to the < Z > vs. zabs values.
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variance as opposed to statistical error. We estimate this
variance through the bootstrap technique and the vertical
error bars refer to 95% c.l. on the mean. The bootstrap
technique assesses the sample variance under the assump-
tion that the observed distribution is not severely different
from the true, underlying distribution. If the data sample
is too small, even a single outlier could significantly change
the central value of the mean statistic significantly beyond
the error implied by a bootstrap analysis. While this issue
was a concern in previous analyses, the results at z ≈ 2−4
are now robust to all but the unlikeliest of outliers. For ex-
ample, the discovery of a system with N(HI) = 1022 cm−2
and 1/3 solar metallicity would only increase < Z > by
≈ +0.2 dex in the z ∼ 2 bin or +0.25 dex at z ∼ 3.5
(see also Prochaska 2003b). Such an outlier would lie
nearly a factor of 10 off the current N(HI), [M/H] dis-
tribution and it would necessitate an entire population of
DLA separate from the 100 sightlines presented here. This
population could only exist if the current sample is signif-
icantly biased by selection effects (e.g. dust obscuration),
an assertion unsupported by any recent observational test
(e.g. Ellison et al. 2001; PW02).
Performing a least-squares fit to the < Z > values, we
find m = −0.25±0.07 and b = −0.61±0.21 dex. Note that
the inclusion of the z < 1.5 bin has minimal impact on this
analysis. Somewhat to our surprise, especially given the
impression from a visual inspection of Figures 1 and 2, the
best fit slope to the < Z > values is identical within statis-
tical uncertainties to the value derived for the unweighted
mean. This marks the first demonstration of evolution in
< Z > at greater than 3σ confidence. In this case, our
analysis implies that the mean metallicity of the universe
in neutral gas is approximately doubling every billion years
from z = 4 to 2.
4. discussion
The history of metallicity in the universe provides a po-
tentially powerful constraint on models of galaxy forma-
tion, and it is tempting to draw additional conclusions
from the distribution of points in the figures. The scat-
ter amongst the points in each bin does not appear to
evolve with redshift, implying that at each epoch DLA
represent a set of systems at various stages in their for-
mation. The interpretation of this is complicated by the
unknown breakdown of the observed scatter into scatter
amongst galaxies and scatter within galaxies. Sightlines
through the DLA provide pinpricks of transverse diame-
ter . 10 pc through the absorbing system. Although DLA
abundances show remarkable uniformity amongst multiple
components along these sightlines (Prochaska 2003a), we
do not know how well the metallicity of the entire galaxy
is sampled by these measurements. These characteristics
of an evolving mean with nearly constant scatter would
like pose a difficult challenge to scenarios which would de-
scribe damped Lyα systems as a transient phase in the
formation of galaxies.
Another important characteristic of the observed distri-
bution of [M/H],z pairs is the areas of redshift-metallicity
space that remain unoccupied. In particular, note the ab-
sence of any DLA at [M/H] < −3 at all redshifts and the
lack of DLA at [M/H]> 0 at all redshifts. The eye can
identify a gradual increase in the maximum and minimum
metallicity with redshift at roughly the same rate of evo-
lution as that of the unweighted logarithmic mean, but it
would be dangerous to interpret this since the max and
min are sensitive to outliers. Regarding the lower limit
to the DLA metallicities, it appears possible that we will
never identify a damped Lyα system with [M/H] < −3, a
value which significantly exceeds our detection limit. This
lower bound has important implications for the presence
of primordial gas (zero metallicity) within these galax-
ies. If primordial gas with significant surface density and
cross-section exists in high redshift galaxies, then it is al-
ways surrounded by metal-enriched gas yielding a mass-
weighted metallicity exceeding 1/1000 solar. Alternatively,
primordial gas may not exist in the neutral phase within
high z galaxies. It may be possible to distinguish be-
tween these scenarios by observing the higher order Ly-
man lines to pursue metallicity measurements of individual
DLA components.
This metallicity floor also limits the contribution to DLA
from gas ‘clouds’ which are unrelated to galaxies (e.g.
overdense regions associated with large-scale structures).
The metallicity floor requires that this gas was enriched
to [M/H] > −3, presumably by a nearby galaxy. To
match the observed metallicities would probably require
fine-tuning, which argues against the likelihood that DLA
are anything but galaxies in the early universe. We also
emphasize that the lower bound to the metallicity of the
DLA ([M/H]≈ −2.6) is significantly higher than the metal-
licities typically attributed to the Lyα forest (e.g. Songaila
2001). This suggests that the lower bound to the DLA
values may not be simply related to the physical processes
which have enriched the Lyα forest (e.g. pollution from
Population III stars). We contend that the offset between
the DLA metallicities and the Lyα forest indicates the
enrichment of DLA gas at all metallicity is dominated
by metal production within these galaxies. It is possible,
however, that Pop III scenarios would predict larger pre-
enrichment in regions of higher overdensity, perhaps even
to the lower bound observed for the DLA.
A key implication of our results comes to light in their
comparison with the recent determination of DLA star for-
mation rates (Wolfe, Prochaska, & Gawiser 2003). Al-
though it is not yet possible to compare the metallicity
and integrated star formation rates of individual DLA, it is
possible to compare the averageDLAmetallicity at z = 2.5
with the integral under the cosmic star formation history
at z > 2.5 (Wolfe, Gawiser, & Prochaska 2003). The
comparison illustrates a “missing metals problem” for the
DLA: the integrated SFR’s measured for the DLA com-
bined with a standard IMF and yield of heavy elements
imply 10× the mass density of metals observed in the
damped systems. This conflict suggests scenarios where
the metals are ejected from the galaxy via supernovae feed-
back or where the metals are sequestered within the star
formation regions for significant timescales (e.g. within a
galactic bulge; Wolfe, Gawiser, & Prochaska 2003). It is
also possible that the mean metallicities of the typical DLA
systems are not representative of those in the actual star
forming regions. Observations of absorption systems asso-
ciated with GRBs, which probably do probe the star form-
ing regions themselves, suggest higher metallicities which
may be more typical of disk stellar populations (see, e.g.,
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Mirabal et al. 2002, Savaglio et al. 2003, or Djorgovski
et al. 2003, and references therein). A fundamental un-
certainty in comparing the actively star forming regions
sampled by GRBs and that of the majority of the neutral
gas in the universe sampled by the DLA is our lack of un-
derstanding of the mixing efficiency of metal enrichment.
More detailed modeling is needed before this issue can be
completely resolved.
This problem is evident in recent theoretical models of
chemical evolution which consider the mean metallicity of
the universe in neutral gas (Pei, Fall, & Hauser 1999;
Somerville, Primack, & Faber 2001; Tissera et al. 2001;
Mathlin et al. 2001; Cen et al. 2003). These treatments
range from analytic chemical evolution scenarios (i.e. inde-
pendent of galaxy formation models) to full-blown hydro-
dynamic, numerical simulations. The analyses appear to
offer a wide range of theoretical values for the mean metal-
licity of the universe in neutral gas, yet the majority of
variation stems from two key factors: (1) the adopted (or
predicted) star formation history; and (2) the treatment of
selection biases due to dust obscuration. An appreciation
of these two aspects can be obtained by following the anal-
ysis of Somerville, Primack, & Faber (2001) who focused
on the stellar properties of the Lyman Break Galaxies. In
addition to discussing their predictions for the star forma-
tion history of the early universe, the authors examined
the mean metallicity in cold gas. In all of their scenarios,
the values exceeded the damped Lyα observations by at
least a factor of 3 at all redshifts z > 2. This discrepancy is
a restatement of the “missing metals problem” described
above. At present, the star formation history implied by
various studies of high-z galaxies (including DLA them-
selves) produce too many metals in comparison with the
DLA. This is a universal characteristic of these chemical
evolution models, even in those scenarios which underpre-
dict the star formation history at z > 2 (e.g. Pei, Fall, &
Hauser 1999; Mathlin et al. 2001).
Several of the theoretical treatments, however, report
successes in matching previous DLA metallicity samples.
In all of these cases, the authors introduced significant
selection biases owing to the effects of dust obscuration.
Undoubtedly, dust obscuration plays a role in observa-
tions of the damped Lyα systems, especially at lower red-
shift where the gas metallicity and dust content are pre-
sumably highest. At z > 2, however, current samples
of DLA toward radio-selected quasars exhibit no signifi-
cant difference from optically-selected samples (Ellison et
al. 2001b). Furthermore, PW02 found no dependence
between the inferred dust opacity of observed DLA sight-
lines and the quasar magnitude, contrary to expectation in
scenarios where dust obscuration is important. The orig-
inal claims of reddening by Pei, Fall, & Bechtold (1991)
have not been confirmed by larger, homogeneous quasar
samples, e.g., Outram et al. (2001) found only a 2σ in-
dication of reddening in their z . 1 2dF quasar sample.
At present, we believe there is no compelling evidence for
dust obscuration10 beyond its convenience as a possible
solution to the missing metals problem. Regarding this
aspect, we emphasize that no group has self-consistently
10 We distinguish obscuration from depletion, since in DLA there
is strong evidence from relative abundance ratios (e.g. Pettini et al.
1994; PW02) for the depletion of refractory elements onto grains.
matched the observed star formation history of the early
universe with the metallicity measurements observed for
the damped systems even when allowing for dust obscu-
ration. Current theories of star formation and metal pro-
duction in high redshift galaxies are missing a vital aspect
of the processes.
Looking toward the future, observations of 300 addi-
tional DLA are needed to bring the statistical error at
z = 2 to 4 down to the level associated with systematic ef-
fects such as differential depletion. With the introduction
of ESI and similar future instrumentation, we expect this
will be accomplished within the next decade. Significant
gains, meanwhile, can be made very quickly at z < 1.5
and z > 4 owing to the small sample size. Unfortunately,
measurements at z < 1.5 are slowed by the requirement
of ultraviolet observations. This is a particularly challeng-
ing aspect of damped Lyα research because this redshift
range corresponds to over half the age of the current uni-
verse. While the COS spectrograph on the Hubble Space
Telescope will improve the situation, a comprehensive view
of metal enrichment over the past 8 Gyr will require the
launch of a 4m-class ultraviolet telescope (Prochaska et al.
2002).
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